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Summary

Mammary gland development is a complex process that is differentiation. Transplantation studies demonstrate that
dependent on interactions between the developing the impaired development results from a deficiency of
mammary epithelium and the surrounding stromal tissues. DGAT1 in both the stromal and epithelial tissues. Our
We show that mice lacking the triglyceride synthesis enzyme findings are the first to link defects in stromal lipid
acyl CoA:diacylglycerol transferase 1 (DGAT1) have metabolism to impaired mammary gland development.
impaired mammary gland development, characterized by

decreased epithelial proliferation and alveolar development, Key words: Mammary gland, Acyl CoA:diacylglycerol acyl

and reduced expression of markers of functional transferase, Lipid, Triacylglycerol

Introduction culture of mammary epithelial cells with 3T3L1-derived
Mammary gland development is a complex process resultigd'p_oq_/teS (Levine and Stockdale, 1985; Wiens et al., 1987),
in lactation. Normal development occurs through thedr With isolated rat mammary adipocytes (Zangani et al., 1999),
influences of systemic hormonal factors and locally actinghances differentiation and milk protein expression. In mice
growth factors that cause the mammary epithelium tdhat lack adipose tissue, the proliferation of mammary
proliferate and differentiate upon conception. The mammar§Pithelium s impaired, although differentiation proceeds
epithelium grows and branches until mid-pregnancy, an&ormally (Couldrey et al., 2002).
differentiates functionally during late pregnancy and the Stromal adipocytes synthesize and store large amounts of
early postpartum period. This epithelial differentiation istriglycerides, which may serve as reservoirs of substrates for
characterized by the expression of milk protein genes, such BYlk production by the mammary epithelium. During this
whey acidic proteinWap andp-casein, and by the production Process, adipocyte triglycerides must be hydrolyzed and
of milk droplets (Robinson et al., 1995). Milk is rich in the fatty acids transferred to the epithelial cells for re-
triglycerides, which provide concentrated sources of energgsterification. Triglyceride synthesis is catalyzed by acyl
and essential fatty acids for newborn offspring. CoA:diacylglycerol acyltransferase (DGAT) enzymes, which
There is increasing evidence that interactions between tt@valently join diacylglycerol with fatty acyl CoA (Bell and
mammary epithelium and surrounding stroma are crucial foeoleman, 1980; Brindley, 1991; Lehner and Kuksis, 1996).
normal mammary gland development. The stroma is a compléxXudies from our group have identified genes encoding two
tissue composed of myoepithelial cells, extracellular matrinammalian DGAT enzymes, DGAT1 and DGAT2 (Cases et
components within the basement membrane, fibroblasts, aadl, 1998; Cases et al., 2001). Thgatl gene is expressed in
adipocytes. Several studies showed that extracellular matrbearly all tissues, including the mammary glands (Farese et al.,
components (Wiseman and Werb, 2002) and stroma000). Mice lacking DGAT1 [gatl’-) have decreased
fibroblasts (Darcy et al., 2000; Lukashev and Werb, 1998) caliglyceride content in tissues, and are resistant to diet-induced
influence epithelial development. However, the role ofobesity and diabetes mellitus (Chen et al., 2002; Smith et al.,
adipocytes, the most abundant cell type in the stroma, i8000). In addition, femalBgatl/- mice are unable to lactate
mammary gland development is poorly understood. Mammar{smith et al., 2000). This result was surprising because other
gland adipocytes have been hypothesized to serve as a soumeuse knockout models that are deficient in protein
of growth factors and lipids that may influence mammarycomponents of milk are capable of producing milk with an
epithelium development and function (Hovey et al., 1999). Coaltered composition. For examplei-lactalbumin-deficient
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mice (Stacey et al., 1994; Stinnakre et al., 1994) produce highlgnage analysis

viscous milk containing little or no lactose, afiecasein-  For quantification of epithelial areas, images were captured with a

deficient mice (Kumar et al., 1994) produce milk with aSPOT digital camera (Diagnostic Instruments, Sterling Heights, MI)

reduced total protein concentration. This suggests that thed converted into a binary format with Adobe Photoshop 5.0.1

lactation defect irDgatl~ mice might result from impaired (Adobe Systems, San Jose, CA) and the Image Processing Tool Kit

mammary gland development. (Relndeer Games, Galngsvnle, F.L).. The binary black and white
In the present study, we characterized mammary glangﬁgsrss %ﬁreﬁfg‘;ar(erﬂ#wtaé?ee ocrle%::nua}glt?;gsvsit:lo ?Q:”rfoﬂmagggrate

Qevelopment 'ngat_l/ mice a.lt different Stagesz and USEd‘Measure All', and epithelial and lumen areas were then expressed as

tissue transplantation techniques to determine wheth ercentage of total area.

the expression of DGAT1 was required in extraglandular,

stromal and epithelial compartments. Our results indicaténmunohistochemistry and analysis of proliferation and

that DGAT1 plays important functional roles in both theapPOptosis

mammary ep|the||a| and stromal compartments durindﬂKCCl, WAP and NPT2B were detected a.S describeq (Shillingford

pregnancy. et al., 2003; Shillingford et al., 2002). Briefly, paraffin-embedded
mammary tissue sections were cleared in xylene and rehydrated.
Antigen was retrieved by heat treatment using an antigen-masking

M rial nd meth s_olution (1:_100 dilution; Vector Laborator_ies, Bu_rlingame, _CA), and
.ate als and methods tissue sections were blocked for 30 minutes in PBS with 0.05%
Mice Tween-20 (PBST) containing 3% goat serum.

Dgatl’~ mice (Smith et al., 2000) were backcrossed into the Sections were incubated with solutions containing various
C57BL/6J strain for 10 generations. Mice were housed in a pathogenembinations of diluted primary antibodies for smooth muscle actin
free barrier facility (12-hour light/12-hour dark cycle) and fed a(1:1000), NKCC1 (1:10008-catenin (1:100), WAP (1:600), NPT2B
standard chow diet. All experiments were approved by the Committe@:200) and E-cadherin (1:100). After 30 minutes at 37°C, the slides
on Animal Research of the University of California, San Franciscowere rinsed in PBST to remove nonspecific antibody binding. The
For timed pregnancies, male and female mice were mated overniglptimary antibodies were detected by incubation with either anti-
and female mice were examined for vaginal plugs the next morningnouse FITC-conjugated (1:400) or anti-rabbit Texas Red-conjugated
The presence of a vaginal plug was considered to represent pregnaiityt00) secondary antibodies (Molecular Probes, Eugene, OR) for 30

day 0.5. minutes at room temperature in the dark. Sections were then washed
o twice in PBST and mounted in Vectashield (Vector Laboratories), and
Antibodies fluorescence was visualized with an Olympus BX51 microscope

Mouse monoclonal antibodies for E-cadherin, smooth musclequipped with DAPI, FITC, TRITC and FITC:TRITC filters. Images
actin and pB-catenin were from Transduction Laboratories andwere captured with a Nikon 1200DXM digital camera (Nikon) and
Pharmingen (San Diego, CA). Rabbit polyclonal antibody forcomposed in Adobe PhotoShop. Three mice of each genotype were
STAT5A (L-20) and mouse monoclonal antibody for analyzed.

phosphotyrosine (PY99) were from Santa Cruz Biotechnology For analysis of cellular proliferation, mice at P15 were injected with
(Santa Cruz, CA). The polyclonal antibodies for NKCC1 (sodium-bromodeoxyuridine (BrdU) (Amersham Biosciences, Piscataway, NJ)
potassium-chloride co-transporter characteristic for ducta(l mg/10 g body weight) 2 hours before dissection of mammary
epithelium), NPT2B (sodium-phosphate co-transporter isofornglands (4). After paraffin embedding and sectioning of glands, BrdU
characteristic for lactating epithelium) and WAP have beenwas detected with a biotinylated mouse anti-BrdU antibody (Zymed

described (Miyoshi et al., 2001; Shamay et al., 1992). Laboratories, South San Francisco, CA) according to the
] ) manufacturer’s instructions. Images of the sections were captured, and
Histological and whole-mount analyses epithelial areas were determined as described earlier in ‘Image

For histology, inguinal mammary glands were removed from wild-analysis’. Positive nuclei were counted in five random fields per

type andDgatl~ mice on day 18 of pregnancy (P18) or day 1 of mammary gland and their number was expressed per unit of epithelial

lactation (L1), fixed in 4% paraformaldehyde/phosphate-bufferecrea. Four to five mice of each genotype were analyzed.

saline (PBS) at 4°C overnight, washed for 15 minutes in PBS and For analysis of apoptosis, mammary glands were dissected at P18,

embedded in paraffin. Tissue sections i®) were stained with and sections were prepared as described above. Apoptotic cells were

Hematoxylin and Eosin, and mounted on pre-treated glass slideketected by terminal deoxynucleotide UTP nick-end labeling

(Superfrost Plus Micro Slides, VWR). (TUNEL), using an in situ cell death detection kit (Roche Molecular
For whole-mount analyses, mammary glands (3 or 4) were removeiochemicals, Indianapolis, IN) according to the manufacturer’s

at different times during pregnancy and immediately spread onto glagsstructions. Nuclei were counterstained with DAPI. TUNEL-positive

slides. The glands were then immersed in Carnoy’s fixative (3:lepithelial nuclei were counted in 10 random microscopic fields, and

ethanol:glacial acetic acid) overnight, washed in 70% ethanol for 16xpressed as a percentage of DAPI-stained nuclei. Four mice of each

minutes, washed under running tap water for 5 minutes, drained alggnotype were analyzed.

then stained overnight with Alum Carmine stain [2 g/l carmine dye

(C6152, Sigma, St Louis, MO) and 5 g/l aluminum potassium sulfattNA analyses

in distilled water]. The glands were then dehydrated by three 15Fotal RNA from wild-type anddgatl”’-mammary glands from virgin

minute immersions in 70%, 90% and 100% ethanol, and the lipidsr pregnant mice was extracted with Trizol (Invitrogen, Carlsbad,

were removed by a 15-minute immersion in xylenes. The tissues wef@A). For northern blots, samples of total RNA (If) were separated

stored in methyl salicylate (Sigma). by gel electrophoresis, transferred to membranes, and hybridized with
For neutral lipid staining, inguinal mammary glands were fixedl ng of [-32P]JdATP-labeled oligonucleotide probes in 0.4 M NaCl,

with 2% glutaraldehyde/2% paraformaldehyde, stained in 1% osmiurh% SDS, ¥Denhardt’s solution, and salmon sperm DNA. Membranes

tetroxide in sodium phosphate buffer (0.1 M, pH 7.4), dehydrated imere washed twice for 15 minutes mSISC and 0.1% SDS, and twice

a series of ethanols, transitioned into propylene oxide, and embeddfd 15 minutes each in &3SC and 0.1% SDS. Membranes were

in Epon resin. Sections (Im) were cut with a glass knife and stained stripped and rehybridized with a 655-p-J2P]dCTP-labeled DNA

in warm Toluidine Blue. probe for mouse keratin 18 (K18). WAP oligonucleotide was 5
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CAACGCATGGTACCGGTGTCA-3 and B-casein oligonucleotide complete clearing of the recipient mammary fat pad, the surgically

was B-GTCTCTCTTGCAAGAGCAAGGGCC-3 The template for removed mammary tissue was used for whole-mount staining. The
synthesizing the K18 probe was obtained by amplifying mouseontralateral mammary fat pad served as an unoperated control.
mammary cDNA with the following primers: sensé;A&ACC- Transplanted mice were mated 5-7 weeks after surgery. Recipient
GAGAAAGAGACCATGCAAG-3; antisense, 'SGAGACCACA- unoperated control and transplanted mammary glands were removed
CTCACGGAGCTGA-3. at L1 for histological analyses.

Immunoblot analysis and immunoprecipitation
Mammary glands were homogenized in lysis buffer (5 ml/g of tissue)ReSU|tS

containing 40 mM Tris-HCI (pH 7.5), 275 mM NacCl, 20% glycerol, P oo I
2% Nonidet P-40, 4 mM EDTA, and a cocktail of protease an(J‘aCtatlon is defective in female  Dgat1~™ mice

phosphatase inhibitors (Calbiochem, San Diego, CA). Lysateu(500 As reported previously (Smith et al., 200Dgat1- female
containing 1.5 mg total protein was used for immunoprecipitation fomice failed to lactate. Milk production froBgatl’- female
1 hour at 4C with 1l of rabbit polyclonal anti-STAT5A antibody. mice was totally absent, even after stimulation by oxytocin
Immunocomplexes were captured overnight withub0f protein A-  injection or by a second pregnan@gatl*/~ female mice
Sepharose beads (Pharmacia Biotech, Piscataway, NJ), washed theg&tated normally. Pups born @gatl’- female mice died
times with lysis buffer, and resuspended ws@mnple buffer (Bio-  shortly after birth, apparently from starvation as no milk stripes

Rad). Samples were boiled for 5 minutes, centrifuged briefly, an¢yare ‘seen in their stomachs. B

- . By contrast, pups fostered to
analyzed by gel electrophoresis using 10% SDS-PAGE pre-cast g . oy
(Bio-Rad). Separated proteins were transferred to polyvinylideneiek?(:tatIng wild-type mothers suckled and developed normally.

difluoride membranes (Millipore, Bedford, MA). Membranes were . -
blocked with 5% milk in PBS for 1 hour at room temperature (RT),lmpalred mammary g_I/a_nd_deveIopment during

incubated with anti-STAT5A (1:500) or mouse monoclonal anti-Prégnancy in Dgat1== mice

phosphotyrosine (PY99, 1:500) antibodies for 2 hours at roonbefective milk production can result from various
temperature, and washed three times for 15 minutes each with 0.058¢velopmental and functional abnormalities in the mammary
Tween-20 in PBS. The blots were then incubated for 1 hour at roogland. To investigate the cause of the lactation defect in
temperature with horseradish peroxidase-conjugated rabbit 19Bgat1/- mice, we first examined the morphology of the
20 in PBS, incubated for 1 minute with enhanced chemiluminescen(aalot shown) and immunostaining for the sodium-potassium-
s_ubstrate (Pierce Biotechnology, Rockford, IL) and exposed to x'raXhloride co-transporter NKCC1 (Fig. 1A), a marker for ductal
film. epithelial cells, revealed no differences in mammary structures
Mammary tissue transplantations in Wild-type andDgatl—/— Virgin mice. No gross abnormalities
For whole mammary gland transplantations, the inguinal mammarn¥ere observed in the mammary fat pads, dbghtl”’-
glands from 8- to 10-week-old mice were removed and transplantetiammary adipocytes appeared morphologically normal as
into the subcutaneous space in the interscapular region of 8- to 1@ssessed by histological techniques. The weighgat1/-
week-old recipient female mice, in a manner similar to that describechammary fat pads were similar to those of wild-type mice
for transplantation of the reproductive fat pad (Chen et al., 2003juring pregnancy, but were reduced at L1 (Fig. 1B), probably
Gavrilova et al., 2000). Two weeks after surgery, the recipient miCgeflecting their lack of milk production. These data suggest that
were mated. Endogenous and transplanted mammary glands Wefg, impairment in development occurred during pregnancy.
removed at L1 for histological analyses. To determine the stage at which mammary gland

Mammary epithelial transplantations were performed essentially a; | ¢ Daatt- mi lvzed whol
described (Young, 2000). The nipple region of a mammary gland (4€V&'OPMeNt goes awry Ingatl —mice, we analyzed whole

containing epithelial structures was removed under anesthesia frofiounts and histological sections of wild-type abdatl’-
21-day-old mice, and the cleared fat pad was immediately implantédammary glands at different times during pregnancy. At P8,
with a small piece (0.5-1.0 mm diameter) of donor mammary glanéluctal side branching and formation of the initial alveolar buds
containing epithelium from 8- to 10-week-old virgin mice. To assessippeared normal irDgatl”’~ mammary glands (data not

A Dgat1** Dgat1™
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weight (mg)

P15 P18 L1

Development stage

Fig. 1. Characterization of mammary glands of virgin and pregBaat1/—mice. (A) Immunohistochemistry of mammary glands from 8-
week-old virgin femal®gat1*+ andDgat1”-mice. After fixation, mammary tissue was embedded in paraffin, sectioned, and stained with
antibodies specific for the ductal cell marker NKCC1 (red) and smooth muscle actin (SMA, green). (B) Weights of inguinal mlamasary
from wild-type andDgatl--mice during pregnancy.
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shown). However, at P1Bgatl”’-mammary glands exhibited r
a slight decrease in ductal structures, suggesting *
developmental delay (Fig. 2A,B). By P18, lobuloalveolar
structures were clearly less developedigatl'~ mammary

glands than in wild-type glands, as assessed in whole mour
(Fig. 2C,D) and histological sections (Fig. 2E,F). This
difference was also observed in glands on L1 (Fig. 2G,H)
Quantification of areas in histological sections of P18 and L
Dgatl’= mammary glands revealed a ~25% reduction ir
epithelial structures and a ~60% reduction in luminal

1
*
r |
*%
1
¢ . *
expansion (Fig. 3).
The decrease in alveolar development could arise fror L
decreased proliferation, increased apoptosis, or both. Brd
labeling revealed a 40% reduction in proliferating nuclei in I—'_Ll_
ot

DgatI’~mammary epithelium at P15 (Fig. 4A,B). By contrast,

N
o
T

Area (% of total)
N
o

Epithelium  Lumen Epithelium  Lumen

1+f+

P18 L1

Fig. 3.Reduced alveolar development in mammary glands of
Dgat1”~mice. Epithelial and luminal areas were quantified in
Dgat1** (white bars) andgat1l~- (black bars) mammary glands
using digitalized images of the histology sections at P18 and L1.
Area was quantified in five random fields4 Dgat1** mice;n=5
Dgatl~mice. *<0.05; **P<0.01

Dgat

staining for TUNEL-positive cells was similar in wild-type and
Dgatl”~ mammary glands at P18 (Fig. 4C), indicating that
increased apoptosis was not a major cause of the impaired
lobuloalveolar development. A low percentage of epithelial
cells were apoptotic, similar to that previously described in late
pregnancy in mice (Alexander et al., 1996; Dupont et al.,
2002).

We next assessed the differentiation statusDgatl-
mammary glands in late pregnancy by analyzing the expression
of the milk protein genef-casein andVap In northern blots,
the expression of-casein, an early differentiation marker in
Dgatl’~mammary gland at P18 and L1, was similar to that in
wild-type glands (Fig. 5A)Wap a late differentiation marker,
was not expressed iDgatl’”~ mammary glands at P18,
and was reduced at L1 (Fig. 5A). This reduction in WAP
protein in DgatI’~ mammary glands was confirmed by
immunostaining of sections from P18 mice (Fig. 5B).

Because the STAT5A transcription factor plays a central role
in mammary epithelial differentiation during pregnancy (Liu
et al., 1997; Miyoshi et al., 2001), we analyzed STAT5A
expression and phosphorylationDgatl’— mammary glands
(Fig. 5C). The expression and phosphorylation of STAT5A
increased to similar levels by P18 in mice of both genotypes,
suggesting that decreased STAT5A activity was not responsible
L1 for the impaired mammary epithelium differentiation in

Dgatl/- mice.
DGATL1 is required in both the mammary epithelial
and extraepithelial tissues for normal development
The defect in lobuloalveolar development in pregrizgatl/-
Fig. 2. Reduced alveolar development in mammary glands of mice could be due to the lack Of.DGATl fu_nctlon in the
Dgat®-mice. Whole mounts (A-D) and histological sections (E-H) Mammary gland or to changes in systemic factors. To
of mammary glands of wild-type ambat1-mice at P15, P18 and ~ differentiate between these possibilities, we transplanted whole
L1. At least five mice of each genotype were analyzed. mammary glands into the interscapular region of recipient mice
Representative sections are shown. and analyzed the endogenous control mammary glands and the
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transplants at L1 (Fig. 6). Twenty mice received transplantspithelium into the cleared mammary fat pads of recipient mice
during the study, and 18 had viable grafts, as judged by visuahd analyzed epithelial development by whole mounts and
inspection at sacrifice and by histology. In control experimentdjistology at P18 or L1. In 24 out of 25 mice, the grafted
wild-type endogenous glands (Fig. 6A) were indistinguishablepithelium colonized the recipient mammary fat pad. In control
from wild-type transplants (Fig. 6B). The endogenDgatl”’~  experiments, wild-type mammary epithelium transplanted into
mammary glands were underdeveloped and lacked milkleared Dgatl*~ fat pads exhibited normal lobuloalveolar
secretion (Fig. 6C), whereas wild-type mammary glandslevelopment during pregnancy, similar to that of unoperated
transplanted intoDgatl/~ recipient mice exhibited fully Dgatl”~ endogenous control glands at P18 (Fig. 7A,B). By
developed lobuloalveolar structures and visible milk dropletgontrast, wild-type mammary epithelium transplanted into
(Fig. 6D). Converselypgatl’~ mammary glands transplanted cleared fat pads oDgatl”- littermates failed to develop
into Dgat1*'* recipient mice failed to develop normally (Fig. normally. The lobuloalveolar structures were underdeveloped
6F). These results suggest that local DGAT1 expression in ti{gig. 7C-F) and poorly differentiated (Fig. 7G,H), the lumina
mammary gland is sufficient for normal mammary glandwere reduced or absent, and the epithelium lacked visible milk
development. droplets. These results indicated that DGAT1 expression in the

To assess the requirement for DGAT1 expression in thmammary stroma is crucial for normal epithelial development
mammary epithelium or stroma, we transplanted mammargluring pregnancy.

A

Dgat1**
e > [

Fig. 4. Reduced epithelial proliferation gatl~
mammary glands during pregnancy.

(A) Bromodeoxyuridine (BrdU) immunostaining.
Pregnant (P15) mice were injected with BrdU 2
hours before mammary glands were removed.
Tissues were fixed, embedded and sectioned, and
proliferating nuclei were detected by BrdU
immunostaining (dark brown staining).

(B) Quantification of BrdU-positive nuclei.
Epithelial areas were calculated using images of
histological sections (see Materials and methods),
and positive nuclei from five random fields were

B 121 P15 C P18 counted and expressed per unit of aré&&(:05,
=T r n=4 mice per genotype). The expression of BrdU-
83 = . L positive nuclei as a percentage of total epithelial
2£ 8 =4 lei showed a simil duction i liferati
= P nuclei showed a similar reduction in proliferating
25 22 t nuclei (9.76+1.02% fobgatl”-versus
BE .9 17.82+0.3% for wild typeP=0.002,n=3).
8E 4 g5 2r (C) Similar levels of apoptosis were seen in
= E = £ L mammary glands of wild-type ai@gatl/-mice
@ e & at P18. Apoptotic epithelial cells were detected by

0~ .= TUNEL staining and were counted in 10 random
Dgat1 genotype ~ +/+ —I- Dgat1 genotype fields.n=5 mice per genotype.

Development —
A P Virgin| P18 L1 B Fig. 5.Impaired differentiation of mammary

stage ? . . .
Dgat1 eplthellu_m inDgatI’—mice. (A) Reduceql _
genotype +H+| /- expression of markers of mammary epithelial
differentiation inDgat1”-mice. Total mammary
p-casein gland RNA was extracted from wild-type and

Dgat1~~virgin mice, and at P18 and L1.
Expression of the milk protein gengsasein and
Wapwas analyzed by northern blotting. The
expression of keratin 18 (K18) was used as a
control for the content of RNA from mammary
epithelium. (B) Reduced immunostaining of WAP
in DgatI’-mammary glands. Immunostaining of

WA e

C Development 5o [B-catenin B-cat) was used as control. (C) Similar
stage Virgin | P18 STAT5A expression and phosphorylation were
Dgat1 observed in wild-type anBgatt’—mammary
genotype | —f || = glands. Glands from virgin mice and from mice at

P18 were dissected, and homogenates were
prepared. STAT5A was immunoprecipitated from
these samples and analyzed by immunoblotting
with antibodies that detect STAT5A or
phosphorylated tyrosine residues (PY).

Stat5a = = == e -

Py statsa [l TS
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Endogenous gland Whole gland transplant Unoperated Transplanted
(recipient control) (gland === recipient) (recipient control)
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Fig. 6. Whole mammary gland transplantations. Whole mammary
glands were transplanted into the intrascapular region of recipient
mice, and sections were analyzed at L1. In control experiments,

whole wild-type mammary gland transplants (B) developed to the

same extent as wild-type endogenous glands (A). Although control .~ W ) ) ﬁ
recipientDgat1”- glands failed to develop (C), wild-type whole aeute, SSEast 1 b ¢ _ b
mammary glands transplanted into the s&@gat1’-recipients A Sy A '-g ~ ’ ’ e .
developed normally (D). In the converse experiment, control G -4 SO e R T o i M Y
endogenou®gatl** glands developed normally (E), whereas X\ Drg: = b ' A
Dgat1~mammary glands transplanted into fhgat1** recipients ' B [ BUIEE . n > ‘H i h
failed to develop (F). g4 ‘1 e g S , el

during mammary gland development, we transplabmﬂ-/- Dgat1-recipient mice. Recipient mammary glands were cleared of
mammary epithelium into cleared m:ammary fat pads of W”dgndogenous epithelium and then implanted with donor epithelium.

Recipient mice were mated, and epithelial morphology was analyzed

type mice and analyzed them histologically at L1. The extenf; s1g by wholemounts (A-D) or histology (E-H). Shown are

of lobuloalveolar development and alveolar expansion Wagipient (unoperated) control glands (A,C,E,G) and recipient glands
similar in the unoperated wild-type dbgatl”~ recipient that received transplanted epithelium (B,D,F,H). Control

glands, in recipient glands transplanted with corgatl”*  transplantations are shown for comparison (A,B).

mammary epithelium, and in those transplanted DAt~

mammary epithelium (Fig. 8A-F), indicating that DGAT1

expression in extra-epithelial tissues was sufficient for thesgansplantedgatl-epithelium (Fig. 9B), indicating a defect
aspects of development. However, milk droplets were nan functional differentiation.

detected in the transplant@bat1- epithelium by histology
(Fig. 8F,H) or by osmium tetroxide staining for neutral lipids . .
(Fig. 9A), suggesting that DGAT1 expression in the mammar ISCussion

epithelium is required for milk production. Additionally, WAP This study shows that DGAT1 function is essential for the
expression was reduced, and expression of the sodiumermal development of the mammary gland during pregnancy.
phosphate co-transporter isoform NPT2B, a marker ofmpaired mammary gland developmentDgatl’— mice was
secretory function (Miyoshi et al., 2001), was absent in theharacterized by decreased epithelial proliferation and alveolar
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Unoperated Transplanted Our whole-gland transplantation studies suggested that the
(recipient control) (epithelium = recipient) requirement for DGAT1 in mammary gland development is
p Rt _ s __ : restricted to the mammary gland. Wild-type mammary glands

AR

transplanted int@gat1”- mice developed normally, whereas
Dgatl’-mammary glands transplanted imgat1*+ mice did

not. These findings indicate that systemic or hormonal factors
in the recipient mice did not appreciably affect the phenotype
of the transplanted gland. Thus, it is unlikely that deficiencies
in the plasma hormones prolactin, estrogen or progesterone
contribute to the impaired mammary gland development in
Dgatl’- mice. In support of this conclusioBgatl’-female

mice have normal reproduction, which is also dependent on
these hormones.

The epithelial transplantation experiments suggested that
DGAT1 is required in the extraepithelial compartment for
normal alveolar growth and development. The transplantation
of Dgat1~epithelium to wild-type mammary fat pads resulted
in apparently normal epithelial growth, whereas the
transplantation of wild-type epithelium @gatl”- fat pads
resulted in an underdeveloped and poorly differentiated
epithelium. Thus, the presence or absence of DGAT1 in the
extraepithelial compartment had a profound effect on epithelial
development.

The extraepithelial stroma consists of many different cell
types. In which type of cell is DGAT1 function required?
BecauseDgatlis highly expressed in adipocytes (Cases et al.,
1998), the most abundant cell type in the mammary stroma, it
is likely that DGAT1 deficiency in adipocytes contributes to the
defect in epithelial development. An attractive hypothesis is that
DGAT1 deficiency alters the secretion of factors from
mammary adipose tissue that are essential for epithelial
development. In support of this hypothesis, previous studies
from our laboratory indicated that DGAT1 deficiency alters the
endocrine function of white adipose tissue (WAT). In these
studies, the transplantation of 500 mgDjatl”’~ WAT into
wild-type recipients conveyed partial protection from diet-
induced obesity and diabetes (Chen et al., 2003). Although the
secreted factors responsible for these effects have not been
identified, a candidate factor is adiponectin, which is secreted
at twofold higher levels frordgatl/~ WAT in obesity models
(Chen et al., 2003). Adiponectin, also known as Acrp30
(Scherer et al., 1995) and Acdc (Mouse Genome Informatics),
Fig. 8. Transplantation oDgat1-epithelium intoDgat1** recipient !S ab'undant.irj .the. plqsma, and enhances fatty acid oxidation and
mice. (A-H) After mammary epithelial transplantation, recipient ~ insulin sensitivity in tissues (Hu et al., 1996; Maeda et al., 1996;
mice were mated and epithelial morphology was analyzed by Scherer et al., 1995). It is unknown whether increased secretion
histology at L1. Shown are recipient (unoperated) control glands ~ of adiponectin from adjacent WAT could impair mammary
(A,C,E,G) and recipient glands that received transplanted epitheliundevelopment. However, adiponectin inhibits the proliferation of
(B,D,F,H). Control transplantations are shown for comparison (A,B).smooth muscle cells (Matsuda et al., 2002), and adiponectin

levels normally fall during pregnancy (Combs et al., 2003).
Another possibility is that DGAT1 deficiency in the
development, and by reduced expression of markers @hammary stroma impairs signaling of hormones or stromal
functional differentiation in the epithelium. Transplantationfactors required for epithelial development (Hovey et al.,
studies showed that the impaired development reflects the 1a#R99). For example, some effects of hormones that stimulate
of DGAT1 in both extraepithelial and epithelial compartmentsthe mammary gland, such as prolactin (Brisken et al., 1999)
The lack of DGAT1 in the extraepithelial compartment of theand growth hormone (Gallego et al., 2001; Walden et al.,
mammary gland appears to be responsible for the decreasE#d8), are mediated by actions in the surrounding fat pad
alveolar growth and development of the mammary epitheliurminstead of targeting epithelial cells directly. In addition, several
DGAT1 deficiency in the epithelial compartment is associatefhctors that regulate growth of the mammary epithelium are
with impaired functional differentiation. Thus, DGAT1 synthesized by the local fat pad, including epidermal growth
function is required both within and outside the mammaryactor receptor (Wiesen et al., 1999), inhibins (Robinson and
epithelium for normal development during pregnancy. Hennighausen, 1997), and insulin-like growth factors 1 and 2
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A Recipient Control Transplanted Gland 285“1)'_” vitro (Ip et al., 1999) and in vivo (p et al.
Gland (Epithelium = Recipient) Our studies also show that DGAT1 function is
SR B T K : required in the mammary epithelium for it to
undergo functional differentiation. Althoughgat1/-
mammary glands initiated lactogenic differentiation, as
shown by the induction g8-casein expression, they
were unable to develop a secretory phenotype at the
end of preghancy. The expression of the markers of
functional differentiation, WAP and NPT2B, was
reduced, and milk droplets were not present. In
addition, the epithelial transplantation experiments
demonstrated a role for DGAT1 within the mammary
epithelium. AlthougDgatl- epithelium transplanted
into wild-type fat pads grew normally, terminal events
of differentiation did not occur. These findings suggest
that DGAT1 deficiency in the mammary epithelial cells
directly impairs intracellular processes that are
required for functional differentiation.

The results indicate that DGAT2, a second DGAT
that is also expressed in the WAT and mammary gland
(Cases et al., 2001), is unable to compensate for the
lack of DGAT1. Similarly, DGAT1 is unable to
compensate for the lack of DGAT2 (Stone et al., 2004).
Taken together, these results suggest that although the
two DGAT enzymes catalyze the same biochemical
reaction, they have distinct functions in vivo.

Lactation failure and impaired mammary gland
development during pregnancy have been observed in
several knockout mouse models, and these models have
enhanced our understanding of the roles of hormones
and growth factors on mammary epithelium growth
and differentiation. Our study adds DGAT1, a lipid-
synthesis enzyme, to the list of factors that are essential
for normal mammary gland development. In addition,
our study is the first to show that defects in lipid
Fig. 9.Impaired lactation and differentiation Dgatl’-mammary epithelium metabolism in the stroma can impair normal
transplanted into wild-type recipient mammary glands. (A) Absence of lipid development of the mammary epithelium.
droplets inDgat1- mammary epithelium transplanted into wild-type
recipient mammary glands. Sections were stained with osmium tetroxide, We thank Bethany Taylor for manuscript preparation,
which stains neutral lipids. Note the lipid droplets in the recipient control ~ Stephen Ordway and Gary Howard for editorial assistance,
glands (arrowheads). (B) Reduced immunostaining of markers of epithelial and John Carroll for assistance with figures. This work was
differentiation inDgat1'-mammary epithelium transplanted into wild-type  supported by NIH grants DK56084 (to R.V.F.), CA057621
recipient mammary glands. Red fluorescence indicates the differentiation and ES012801 (to Z.W.), the US Department of Defense
markers WAP and NPT2B. Green fluorescence indicates the control markerBreast Cancer program DAMD17-99-1-9113, DAMD17-99-
of epithelial cellsf-catenin B-cat) and E-cadherin (Ecad). 1-9103 (to B.W.), and the J. David Gladstone Institutes.

Recipient Control Transplanted Gland
B Gland (Epithelium = Recipient)
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